Abstract. In the process of re-entry vehicle, the atmosphere around the high temperature of air can produce chemical reaction, so chemical nonequilibrium effect should be considered. Numerical simulation of this complex flow field need high efficient time discretization method. In this paper, a numerical simulation of hypersonic chemical nonequilibrium flow in 2-dsemi-cylindrical is carried out by using a ten-stage fourth order SSP-Runge-Kutta method with strong stability preserving (SSP), and which compared with a three-stage third order TVD-Runge-Kutta method and a four-stage fourth order Runge-Kutta method. The results show that the stability of the ten-stage fourth order SSP-Runge-Kutta method is good, the time-step size can be longer, and the computation efficiency is higher.
Introduction
Numerical simulation is particularly important for the study of hypersonic re-entry vehicle characteristics. In the process of numerical simulation of hypersonic chemical nonequilibrium flow, the chemical reaction source terms cause the problem of stiff equations, and the time-step size is severely limited. Implicit formats have the advantages of unconditional stability, allowing longer time-step size, but each step is computationally intensive and computationally complex, such as LUSGS methods [1] , dual-time propulsion method [2] . While explicit formats are limited by stability, the calculation amount is small, and the algorithm is easy to implement. For instance, Runge-Kutta methods have a wide range of applications.
In this paper, a ten-stage fourth order SSP-Runge-Kutta method [3] is used to simulate hypersonic chemical nonequilibrium flow in 2-dsemi-cylindrical, and which compared with a three-stage third order TVD-Runge-Kutta method and a four-stage fourth order Runge-Kutta method to examines the calculation efficiency.
Governing Equations
After the change of coordinates and dimensionless changes, the two-dimensional unsteady Navier-Stokes equations' form became
The non-viscous flux used an explicit TVD method, the viscous flux used an central difference method, and the chemical reaction source terms used an Dunn-Kang chemical reaction model [4] .
Discrete-Time Models
The ten-stage fourth order SSP-Runge-Kutta method is
(9) (8) 
The three-stage third order TVD-Runge-Kutta method is ( )
Results
A 2-dimensional semi-cylindrical model with a radius of 1m was used to calculate the chemical nonequilibrium flow field of the five-group gas model. The flow Mach number is 20, the flow temperature is 270.65 K, the flow density is 3 3 1.0269 10 / kg m − × , the wall surface temperature is 1000T, the wall condition is isothermal and completely catalyzed wall. Figure 1-4. used the ten-stage fourth order SSP-Runge-Kutta method to calculate the flow field temperature, pressure, Mach number and the nitrogen mass fraction distribution. The result is highly consistent with the results using the three-stage third order TVD-Runge-Kutta method and the four-stage fourth order Runge-Kutta method, so this method is feasible. This is because all three methods are high-precision time discretization methods, so the results are not very different. The figure 3 shows that contour lines slightly fluctuate near the upper edge of the shock wave. This is due to the low division of the grid and the high precision of the time discretization method. Table 1 . shows that occupying CPU time of 1000 steps by using the ten-stage fourth order SSP-Runge-Kutta method is about 2.2 times by using the four-stage fourth order Runge-Kutta method, and is about 2.8 times by using the three-stage third order TVD-Runge-Kutta method. But using the ten-stage fourth order SSP-Runge-Kutta method need only 2702 steps to calculate the algorithm, while using the four-stage fourth order Runge-Kutta method need 13772 steps and using the three-stage third order TVD-Runge-Kutta method need 15303 steps. Therefore, occupying CPU total time by using the ten-stage fourth order SSP-Runge-Kutta method is much less than the four-stage fourth order Runge-Kutta method and the three-stage third order TVD-Runge-Kutta method. The ten-stage fourth order SSP-Runge-Kutta method with strong stability preserving can choose a longer time-step size. Besides, the CFL number by using the ten-stage fourth order SSP-Runge-Kutta method can take up to 5.1, is the four-stage fourth order Runge-Kutta method (CFL number can take up to 1.0) and the three-stage third order TVD-Runge-Kutta method (CFL number can take up to 0.9) five times or so.
Summary
In this paper, numerical simulations of hypersonic chemical nonequilibrium flow in 2-dsemi-cylindrical are carried out by using the ten-stage fourth order SSP-Runge-Kutta method, the three-stage third order TVD-Runge-Kutta method and the four-stage fourth order Runge-Kutta method. The results show that the flow field temperature contours, Mach number contours, pressure contours and nitrogen mass fraction contours is almost the same. By comparing found that the ten-stage fourth order SSP-Runge-Kutta method has strong stability, can choose a longer time-step size, and the computational efficiency is much higher than the three-stage third order TVD-RungeKutta method and the four-stage fourth order Runge-Kutta method. Therefore, the ten-stage fourth order SSP-Runge-Kutta method is a time discretization method with high precision and high computational efficiency.
